[ P la te s 6, 7] X -ray diagram s of th e w ood of a n u m b er of species of conifers are exam ined in th e light of the geom etrical principles underlying th e spiral diagram . I t is show n th a t th e m eridional arcs in th e diagram s, w hich have been rep o rted to represent tran sv ersely o riented cellulose chains in th e trach eid wall, are sp u rio u s; th e y arise m ainly from overlapping of th e ends of th e lateral arcs an d a fusion w ith th is overlapping region of arcs w ith n early th e sam e spacing. I t is also suggested th a t th e ra y tissue co n trib u tes tow ards th e m eridional arcs.
X -ray diagram s of th e w ood of a n u m b er of species of conifers are exam ined in th e light of the geom etrical principles underlying th e spiral diagram . I t is show n th a t th e m eridional arcs in th e diagram s, w hich have been rep o rted to represent tran sv ersely o riented cellulose chains in th e trach eid wall, are sp u rio u s; th e y arise m ainly from overlapping of th e ends of th e lateral arcs an d a fusion w ith th is overlapping region of arcs w ith n early th e sam e spacing. I t is also suggested th a t th e ra y tissue co n trib u tes tow ards th e m eridional arcs. M easurem ents of layer thickness in th e trac h e id w all an d of th e double refractio n of th e outer layer in th e trach eid , show th a t th ere is no correlation betw een th e properties of th e ou ter layer an d th e appearan ce of m eridional arcs. On th e co n trary , th is evidence suggests very strongly th a t th e o u te r layer does n o t differ from th e cen tral lay er in cellulose chain direction, an d th a t th e w all is therefore uniform in th is respect. I t is considered th a t th e m arked optical an d swelling h eterogeneity in th e trach eid w all is therefore to be sought in variatio n s of some p ro p e rty o th er th a n cellulose chain direction, an d it is again p o in ted o u t th a t changes in angular dispersion of th e cellulose m a trix offer a possible solution.
I n t r o d u c t i o n
One of the more interesting features in cell-wall studies during recent years is the occurrence in a number of cell types of what has come to be called the 'crossed fibrillar' structure (Frey-Wyssling 1938) , i.e. the presence in a wall of layers with different cellulose chain directions, each layer having the same direction as the last layer but one. This has been proved to occur in Valonia (Preston & Astbury 1937) , Chaetomorpha (Nicolai & Frey-Wyssling 1938) and Cladophora (Astbury & Preston 1940 ) among the algae, in some vessels, though not all, in higher plants (Preston 1939a) , and to a less extensive degree in cotton hairs (Anderson & Kerr 1938) . There is no doubt that this type of structure confers upon a cell very special pro perties and presents besides a problem of the first magnitude in the question of the mechanism by which the wall layers are deposited. I t is therefore a matter of some importance to define the conditions under which ' crossed fibrillar ' structure is observed; and an investigation of the frequency with which it occurs in the many cell types offering themselves for consideration provides one line along which information on this point might be sought. To this end, the investigator must always be careful to substantiate completely the presence of this structure, and this is particularly desirable when working with materials whose properties are of academic or commercial importance when these properties are to be interpreted in terms of wall structure.
On the basis of optical properties and associated swelling phenomena this general type of structure has been suggested for some of the elongated cells of the higher plant, notably phloem fibres and the xylem tracheids of conifers. This type of evidence has already been dealt with (Preston 1939 (Preston a, 1941 Majumdar & Preston 1941; Kundti & Preston 1940) , and, in brief, it may be said that the following points have emerged:
(1) The optical properties concerned are capable of various interpretations, and it is dangerous without corroborative evidence to choose any one in preference to the others.
(2) Swelling of elongated cells can and does produce profound changes in cellulose chain direction, so th at observations on swollen material should be inter preted with caution. The gross displacements which must occur if crystals (even though visible only under the microscope) are grown in the wall may be included here.
(3) The various wall layers differing in optical properties vary also in swelling behaviour as the ' crossed fibrillar ' hypothesis is said (probably incorrectly) to demand; but similar variations of swelling also occur between layers of the same optical character, so th at the connexion between optical properties and swelling behaviour is probably quite fortuitous. Further, this differential swelling causes the appearance of apparent transverse striations in the non-swelling layer (often the outermost layer of the wall). These are actually folds, and not striations proper, depending solely on the spatial relations of the swelling layer and reflecting nothing therefore of the fine structure of the layers in which they occur.
(4) The optical heterogeneity of some at least of these cell types might be explained by changes in the angular dispersion* of the cellulose chains with no change in net direction. With phloem fibres (Kundu & Preston 1940; Preston 1941 ) and collenchyma (Majumdar & Preston 1941 ) the case is perfectly clear. The X-ray diagram, both of bundles of cells and of individual fibres, fails to show any sign of chain orientation other than the longitudinal or steeply spiral. Any layer with chains oriented transversely must be tenuous in the extreme-certainly thinner than the layer which appears bright in cross-section under the polarizing microscope.
The corresponding condition in the elements of the xylem has been investigated by Bailey and his co-workers (Kerr & Bailey 1934; Bailey & Kerr 1935; Bailey & Vestal 1937 )-In transverse section a conifer tracheid wall is three-ply at least. In general, a thin outer layer and an even narrower innermost layer are bright in transverse section between crossed nicols and a central layer, much thicker in late-than in early-wood tracheids, is darker (cf. plates 6 and 7, figures 8, 10, 15and 17) . From this and other evidence, Bailey concludes th at the cellulose chains in the inner and outer layers run in flat spirals, while those of the central layer are tilted in a steep spiral. The presence of flat spirals has been contested by the writer (1939c) following an earlier statement (1934) th at in the tracheid wall there occur chains running in one direction only. As a result of a reinvestigation it was proposed th at the optical heterogeneity is due to changes in angular dispersion, and a model was proposed which Bailey & Berkeley (1942) have apparently completely misunderstood. In the last analysis the evidence for a 'single fibrillar' structure here rests largely upon the X-ray diagrams of single-conifer tracheids, only one of which has been published (Preston 1934) , and this has now been criticized in a paper (Bailey & Berkeley 1942) in which further X-ray work is presented. While this criticism of the published X-ray diagram of a single tracheid in no way invalidates a consider able body of other evidence upon which the 'single fibrillar' hypothesis is based, the further X-ray diagrams presented by Bailey & Berkeley must be considered in some detail, and it is the purpose of the present paper to re-examine this later work.
The absence in the X-ray microphotograph of any arcs corresponding to trans verse chains Bailey & Berkeley dispose of with a facile dismissal of the whole photograph, since 'neither this photograph nor its enlargement exhibit a clearly defined diffraction p a ttern '. They fail, however, to remark either upon the very cogent arguments which make it imperative to use photographs of single cells in •this work, or upon the difficulties involved in obtaining such photographs at all and the great loss of clarity in reproduction. In the original photograph the absence of the arcs in question is undoubted-otherwise the photograph would not have been published-and any interpretation of wall structure which ignores this point is bound to be worthless. I t is quite clear that the presence or absence of transverse chains can be proved directly only in such diagrams of single tracheids. In even a small chip of wood there are hundreds or thousands of tracheids each with cellu lose chains running in a spiral whose angle differs from cell to cell, each giving X-ray diagrams of a very complex ty p e ; in the radial wall, at least, of each tracheid there are numerous bordered pits in which the cellulose chains run almost in circles (Preston 1939 a) ; and finally there is the ray tissue which in some cases (Gross, Clark & R itter 1939) can give diagrams of its own. The X-ray diagram even of such a simple tissue as conifer wood is therefore very complex, and it is for this reason th at the writer originally undertook the laborious manufacture of an X-ray microspectrometer and the presentation of a diagram of a single tracheid, and to take, the added precaution of flattening the cell completely to avoid the com plexity inherent in the spiral. In an attem pt to discredit such photographs, Bailey & Berkeley present a series of photographs of pieces of wood 1 mm. thick and, in spite of their own warning as to the dangers involved, make an attem pt to show from this composite material the presence, in a single layer of a single tracheid, of cellulose chains running in a flat spiral. Such photographs involve, of necessity, all the complications which the microspectrometer was designed to avoid, and their interpretation is therefore to be approached with extreme caution.
The main point at issue in these newer photographs is that, besides the principal lateral arcs or spots which certainly correspond to a steep spiral (plate 6, figure 11), there occur along the central vertical line of the diagram (called the meridian) two fainter arcs a t the same distance from the centre, and these are said to corre spond to transverse cellulose chains. Confining attention for the moment to the outermost arcs, these correspond to molecular planes spaced 3-9 A apart and lying parallel to the cellulose-chain direction. W ithin them, in every case, may be seen two other arcs (often fused) corresponding to planes also lying parallel to this direction but spaced 5-4 and 6-1A apart. Since the tracheids lie parallel to the meridian, then each radial line of arcs may be regarded as lying perpendicular to the corresponding set of cellulose chains. The steeper and less steep sets of chains, whose presence is in this way suggested, are said by Bailey & Berkeley to corre spond further to two sets of striations visible in the wall; but since no attem pt is made to give a quantitative comparison of chain direction and striation direction, and since the reliability of the latter can be assessed only on the exact correspond ence which might then be demonstrated, this §,dds nothing new, and the whole interpretation stands or falls by the validity of the interpretation of the X-ray diagram. The diagram itself, of course, tells nothing concerning the location in the wood specimen of any oriented cellulose chains whose presence it reveals.
In the previous work of the writer (Preston 1934 ) no striations of any kind were visible under the conditions used, and no quotation out of context can controvert th is ; and in view of the dependence of the interpretation of striations on the X-ray diagram, only the latter will be considered here. I t obviously demands much more < 5areful attention than has hitherto been given. In the following pages, therefore, these diagrams will be considered in the light of the geometrical principles under lying the spiral diagram. I t will be shown th a t the presence of meridional arcs is completely misleading and corresponds to no specific structure in the wall. Further evidence will also be put forward which indicates th a t the interpretation put upon the diagram by Bailey & Berkeley is completely erroneous. In view of the complexity which may be revealed in the diagram of fibrous material, even of fibres of comparatively simple organization, it will be well first to consider the conditions under which sets of planes in fibres can contribute spots or arcs in any particular position on the photographic plate. The interpretation of subsequent X -ray diagrams will then be simplified. The most convenient way of looking a t the evolution of the fibre diagram is with the aid of spherical projec tion and the pole figure (figure 1) . A crystal is imagined as lying at the centre 0 of a sphere, and the point a t which the normal to any set of molecular planes inter sects the spherical surface is called the pole, of these planes. The conditions of reflexion of X-rays from the set of planes are defined by the reflexion circle, the locus of the pole when the planes are inclined a t the glancing angle 6 to the X -ray beam. In figure 1 the pole P is drawn in a position for reflexion. The re flecting positions are thus given by the points at which the reflexion circle intersects the locus of the pole. If the crystal is rotated about the locus of the pole is two small circles Lxlx and L2l2, which therefore intersect the reflexion ci four points P, Q, R and S corresponding to four symmetrically disposed spots P ', Q', R ' and S' on the photographic plate. I t will simplify m atters consi if only those planes of most importance in the present paper are considered, i.e. planes parallel to the direction of rotation. There are then only two positions for reflexion, lying along the equator of the plate and equidistant from the centre ( figure 2(i) .
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If now the crystal is replaced by a bundle of parallel fibres, in which the cellulose chains run longitudinally, arranged to lie parallel to the rotation axis Mm, then figure 2 a gives also the derivation of diffraction spots from planes lying parallel to the cellulose chains. The major difference between this ideal geometrical pattern and th a t of a real natural fibre is merely th a t no part of the fibre represents a real perfect crystal. Its cellulose component consists of innumerable minute regions-the micelles-in which the chains are strictly parallel and arranged in a regular manner, separated by ' intermicellar ' spaces in which the chains run from micelle to micelle in a random fashion. These micelles are elongated and on an average lie parallel to the length, of the fibre; they are, however, tilted to a greater or less degree to this corfimon line of orientation, i.e. they have angular dispersion, and this can be allowed for by allowing the axis M m to wobble slightly as it rotates. The intersection of the axis with the projection circle then describes two polar caps limited by two small circles M M ' and m m ', and the locus of the pole is a family of circles of which two are respresented in figure 2 6 ; the spots are therefore drawn out into two arcs PP, QQ, which are more intense at their centres. Now to derive from this construction the pattern to be expected from a set of planes parallel to the cellulose chain direction in a fibre wound with a spiral, one has merely to remember, th at the spiral is farmed in effect by a tilt of the micelles through a constant angle to the longitudinal, in the plane of the fibre wall. Taking
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any small element of the wall, therefore, the axis of rotation is tilted through some angle S, and the effect may be seen in figure 26 if a is replaced by S in the diagram. The cifcle LI, the locus of the pole to which Mm is normal, is tilted through the same angle S, and its intersection with the reflexion circle is therefore depressed.
To represent the whole figure the axis M m is rotated about the direction of the fibre length, the axis traces out the hollow cone , and the locus of the pole P becomes the belt LIL'V bounded by two broken small circles in figure 26 . The lateral spots are again therefore drawn out into two arcs whose lengths depend on the value of the angle S of the spiral. Clearly, however, the intensity distribu tion along the arcs will be different from th at referred to in the arcs derived above for angular dispersion. The cone MmOM'm' is now hollow instead of solid, and it I is no longer evident th at the centre point of each arc will have the highest intensity.
On the contrary, it can be shown th at the intensity is now highest at the ends of the arcs; this may be seen quite simply in the following way.* In figure 3a let be the spiral angle (cp. figure 36 ), (J)the angular distance of I spiral axis Aa, 8 the angle between the great circles M Pm and APa, and P N the P perpendicular from P to the spiral axis. Then since the great circle LI is a line of ; equal pole density, the density at P on the surface of the sphere is inversely pro-I portional to P N and sin 8,i .e.
Dp oc l/(sin < p sin 8),
i The corresponding intensity in the photograph, IP, is proportional to DP, but i (j) must be converted into a vector measurable on the photograph. This can be done | by substituting cos < j) = cos 6 cos
j IP is therefore a maximum at the points = cos-1 (sin SJcos 6), 180 -cos-1 (sin Sf cos 6), since at these points the intensity is theoretically infinite. This means th at the , intensity is the greatest at the ends of the arcs. Each arc therefore breaks up into two spots and the diagram consists of four spots, symmetrically placed, instead of two lateral arcs. If to this be added the angular dispersion of the micelles it is seen that the spiral photograph is, indeed, to quote Astbury's own words, ' a versatile trap for the unw ary'. Depending on the value of S, the four arcs may overlap on the equator, giving a false impression of a real equatorial spot, or even, if the dispersion is great enough, fuse into two meridional arcs. Finally, overlap may occur in both positions, giving eight apparent arcs in all, only four of which are real. Several further points appear from the equation for intensity:
(1) Providing the dispersion is not unduly high, a fibre of circular cross-section gives a photograph in which the expected four arcs appear symmetrically placed. There is therefore no point in attempting to connect the appearance of four arcs . with flat-sided cells as Bailey & Berkeley have done.
(2) As S, the spiral angle, increases, the four spots approach the meridian more and more closely. As this happens, the danger of an overlapping of these * The geom etrical relationships of the general plane, from which the follow ing special case is derived, have been worked out b y Dr W . T. A stbury, F .R .S ., for w hose perm ission to use this derivation th e writer is deeply indebted.
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arcs along the meridian, giving a spurious arc, becomes greater. At a value of S given by cos S = sin 6, the spots fuse into two meridional arcs (because at this value of S, JP = co only when f = 0 or 180°). Taking the planes of 3*9, 5*4 and 6* 1A spacing, the critical values for S appear to be as follows: ence all fibres whose spirals are flatter than S = 73*5, say, for the 3*9 arc, or than the corresponding figure for the other two arcs, will give two meridional spots instead of four lateral arcs. In a mixture of fibres in which S varies sufficiently widely, therefore, one would expect those spirals flatter than those given in the above table to contribute to the meridional arc, and the 3*9 arc should therefore appear intense out of proportion to the 5*4 and 6*1 arcs. I t is interesting to note th a t this is the case here, and th a t in tracheids generally spirals do occur with sufficiently great values of S (Preston 1934) .
(3) If the spiral is flat, i.e. S = 90°, then the intensity equation reduces to
At yr = 0, therefore, the intensity is proportional to 1/sin 6, and a t = 90° it is proportional to unity. One has, then, the arcs drawn out into a continuous circle with the intensity rather greater along the meridian. Looking a t it another way, a set of chains running round a tracheid in transverse circles or a very flat spiral, would give two very wide arcs in the meridional position whose arms would meet a t the equator to give a complete ring. In obvious distinction from such wide arcs are the rather sharp meridional arcs observed by Bailey & Berkeley and those presented in the present paper.
F ig u r e 4
Therefore it is seen th a t in the diagram given by a bundle of fibrous cells with spiral cellulose chains four major arcs may be expected from the planes of spacing 3*9 A, and four minor arcs, two along the equator and two along the meridian For the sake of completeness it may also be noted th a t equatorial arcs may be derived in another way. Suppose the tracheids are rectangular in cross-section, with two opposite faces normal to the beam (figure 4). Then the walls A and B will clearly give four major arcs in diagonal positions and perhaps spurious equatorial or meridional arcs or both. The walls G and JD, however, will give arcs which are nearly equatorial. Their actual positions may be determined in the following way. Figure 5 shows the projection circle and pole figure appropriate to this case, the symbols having the meanings common to this paper. The relation e The fine structure of the wall of the conifer tracheid The positions of the arcs are sho.wn graphically in figure 6. Even with a spiral as steep as S = 30° the arcs corresponding to the lateral walls are displaced from the equator and therefore separated by 14°. Sufficient dispersion would cause these arcs to overlap along the equator, but these fused arcs would then of necessity ' • be very diffuse, ranging over an angular distance of the order of 35°. Except, therefore, for the steeper spirals one should not expect a sharp equatorial arc from the lateral walls; and in these steeper spirals an arc of this type would probably be masked by the arcs from walls A and B which then approach the equator. The few equatorial arcs observed by Bailey & Berkeley and in the present work seem too sharp to be explained along these lines and this is a feature which Bailey & Berkeley appear to have overlooked. Finally, the greatest care must be taken, in the interpretation of these diagrams in which the 3-9 arcs, and therefore the whole photograph of the set of chains, is tilted from the normal position, to observe the possible fusion of arcs derived from other planes. These fusions, which would normally occur along the equator or along the meridian, might be placed sufficiently near the 3-9 arcs, real or spurious, so th a t these then become-unduly pronounced. While these would usually be distin guishable from true 3*9 arcs on account of their different spacing, there are planes in the cellulose structure sufficiently near the 3*9A spacing to cause confusion particularly if they come to lie near a 3-9 arc or even fuse with it. I t will be seen th a t this is a not inconsiderable factor in the present case.
There are thus a t least four ways in which spurious meridional arcs may be produced, and when it is remembered th a t in actual specimens the ray tissue maj also add to their appearance, then it becomes abundantly clear th a t much careful scrutiny of diagrams is needed before pronouncement can be made on the realitj of these 'abnorm al' spots.
M e t h o d s a n d r e s u l t s A. General A brief survey of the diagrams presented by Bailey & Berkeley in the light of tb last section gives a number of pointers towards the further work which is necessar; to determine the underlying features of structure manifested in the meridiona arcs. Starting from the self-evident fact th a t an arc which is not present in th diagram of a single flattened tracheid cannot possibly appear in th at of a bundl of tracheids unless it is derived from the spiral form of the chains in the unflattene cells, from an interaction between the diagrams of individual tracheids i the bundle, or from some source outside the tracheids, it is interesting, firs to notice th a t Bailey & Berkeley present only one photograph of a woo specimen in which the meridional arc is missing, and only in this specimen do th cellulose chains run almost exactly parallel to the tracheid length, i.e. the spiral are steep and there is little variation in spiral angle from cell to cell. Under thes conditions one would expect little danger from overlapping of arcs along the meri dian. On the other hand, the meridional arcs are strong in the diagrams of those specimens whose component cellulose chains run in flatter spirals, and it may be said th at in general these arcs become stronger the flatter the spiral and the greater the angular dispersion. This appearance of the arcs the authors attem pt to correlate with the thickness of the outer layer of tracheid walls in relation to th at of the central layer as seen in transverse section under the polarizing microscope. The actual dimensions, vitally im portant as they are in such a connexion, are not given, but, judging from the photomicrographs which accompany the diagrams, it is clear th at the variation in layer thickness is not nearly enough to account for the variation in intensity of the meridional arcs. This point Will be examined later with the help of actual figures for layer thickness. There is, then, already some evidence th at the appearance of the meridional arc has something to do with the flattening of the spiral in the wall and a suggestion th at the overlapping of arcs is involved. Closer study shows th a t the distance of the outer meridional arcs, for example, from the centre of the photograph corresponds to a spacing rather larger^ than the 3*9A to which the lateral arcs correspond exactly. This is particularly clear in the photograph of Sequoia sempervirens (Bailey & B In turn, this suggests th a t part of the overlap along the meridian consists of a fusion of arcs other than the 3*9 with the 3-9 A arcs themselves, and these are probably the 021 arcs (see plate 6, figure 9 of this paper). In some of the diagrams this inner arc is just visible as a separate unit inside the true 3*9 A arc. The intensity of the 3-9 A meridional arc is thus visually over-emphasized both on this account and because (as the work to be described here strongly suggests) the photographs are in any case badly over-exposed.
W ith these points in mind it is proposed here to follow the flattening of the spiral in the tracheid wall from the steep spirals of some wood species through spirals of medium slope to the flattest spirals, in order to study the overlapping and fusion of arcs as the lateral arcs become more and more titled from their equatorial positions; and to study the same range in a suitable single species of wood by passing from outer to inner annual rings of the same cross-section of a tree trunk (where, it is known, the spirals will gradually flatten (Preston 1934; Misra 1939) ). At the same time such necessary subsidiary measurements as layer thickness will be made on the parts of the specimens actually photographed in order to check on the vari ability of these properties. The whole of the work is confined to late wood where the optical heterogeneity is most marked. Wood has therefore been examined of the following species: Pinus resinosa Ait. and P. insignis Doug., Picea Abies Karst., Juniper us virginiana L., Larix leptolepis Murr. and Douglasii Carr, and only straight-grained samples were used throughout. Specimens were also examined of Abies nobilis Lindl.,
Chamaec thyoides B distichum (L.) Rich, and Sequoia■ sp., but, since these add nothi observations made on the former group of specimens, no further reference will be made to them.
For observation on the spectrometer, strips of wood were prepared whose lengths ran exactly parallel to the grain and with two long faces tangential and two radial. The radial thickness of the wood was 1 mm., unless otherwise stated, and the X-ray beam, collimated by a slit 0*5 mm. diameter, ran radially through the specimen. The volume of wood subjected to X-rays was therefore approximately 0*2 mm.3. Each strip of wpod was subsequently sectioned and layer thickness determined in ordinary light, using a Leitz Okularschraubenmikrometer under a 1/12 in. oil-immersion lens. For reasons which will become clear, the double refraction of the bright outer layer was also determined with light of a standard wave-length using sections as near 5/j as possible and with th e aid of a de Senarmont compensator. In this latter determination measurements were made on at least two sections as a check on accuracy.
B.
The X-ray diagra
The X-ray diagrams presented in plates 6 and 7 offer so striking a confirmation of the view presented above th a t little further need be said. In Picea Abies (plate 6, figure 9) the lateral arcs are comparatively little dispersed, and the cellulose chains in the wall run therefore in very steep spirals. Obviously here no overlapping occurs of the two equatorial arcs on the meridian, and the two 021 arcs are well separated and therefore cause no confusion. Correspondingly, the meridional arcs are missing, in agreement with a similar photograph presented by Bailey & Berkeley for Pinus longiflora (1942, figure 7) , where a similar condition obviously obtains. In Pinus resinosa (plate 6, figure 11) the lateral arcs are longer, corre sponding to less steep spirals in the wall, and the 021 arcs are also spread. Here, therefore, a faint meridional arc is evident. I t is not clear, however, in this par ticular specimen whether the overlapping of the lateral arcs can be sufficient to cause this appearance of a meridional arc. The question of the reality of this (very faint) arc will be discussed later on. Passing on through Larix (plate 7, figure 18) to Pinus insignis (plate 7, figure 16), however, it is seen th a t as the lateral arcs spread, due to a flattening of the spiral, they overlap more and more on the meridian, and this, together with a fusion of the 021 arcs (still separate in Larix bu t fused in Pinus) as they approach each other accompanies the appearance of pronounced meridional arcs. This process has gone still further in Juniper us (plate 7, figure 19) ; in this species, the spiral winding has become so flat th a t the lateral arcs now show the greatest intensity at the two ends as we expect in a spiral diagram when the angular dispersion is sufficiently small. Here the meridional arc has become very prominent. Finally, in Pseudotsuga (3rd annual ring) (plate 6, figure 12 ) the cellulose, chains occur in so flat a spiral th a t the arcs are spread into an almost complete ring with comparatively little difference between the intensities a t the equator and the meridian. Similarly, in passing from the 11th annual ring in Pseudotsuga (plate 6, figure 14) through the fourth (plate 6, figure 13) to the third (plate 6, figure 12), a gradual increase is again seen in the spread of the lateral arcs, a gradual fusion, of the 021 arcs and a corresponding increase in the intensity of the meridional arcs from invisibility to very pronounced development. In one and the same section of a woody stem, therefore, a gradual flattening of the spiral is accompanied by the appearance of meridional arcs.
There is thus a close connexion between the inclination of the molecular spiral in the wall and the appearance of meridional arcs in the X-ray diagram, and it seeins highly probable th a t these meridional arcs are spurious and involve merely the overlapping of the ends of the lateral arcs enhanced by the simultaneous fusion of the 021 arcs along the meridional lin §. W ith regard to the special case of Pinus resinosa, where a faint meridional arc occurs under conditions in which it is difficult to assess the importance of overlapping, it will be shown later th a t even here the arc in question cannot arise from a secondary wall layer. I t remains to decide whether the arc arises from some source in the wood outside the walls of tracheids. The obvious tissue in which first to seek for this source is the ray tissue (the primary wall is too tenuous to treat by the methods used in the present paper; its condition has been examined by different methods and the results will be reported later in a separate paper). I t seems quite possible, since rays are known to give X-ray diagrams of their own (Gross et al. 1939) , th a t ray tissue of the type found in conifers, where the walls lying transverse in the stem are usually the only ones (if any) to be flattened, then these transverse flattened walls could give meridional arcs in a diagram in which the X-ray beam is oriented at right angles to the grain of the wood. To test this possibility, a tangential longitudinal section of P. resinosa was prepared, sufficiently thin that, when mounted on the spectrometer slit, examination under the microscope would show whether or not the beam would impinge on ray tissue. In order to save time of exposure, the section was made only just thin enough for this purpose, i.e. about 300 The slit used was rather less than 0-1 mm. in diameter, and the specimen-plate distance was reduced from 3 to 2 cm. Even then the exposure time was 150 hr. and the centre of the photograph became badly fogged. The section was first so adjusted th a t a beam of light passing through the slit was clear of ray tissue and the corresponding X-ray diagram obtained. The section was then moved until a neighbouring ray occupied the centre of the beam. The two diagrams are presented in plate 7, figures 20 and 21. In spite of the equal exposure times the diagram of the section including a ray appears a t first sight more intense than th a t excluding the ra y ; this is a consequence of the greater spread of the lateral arcs in the latter diagram and should not therefore affect the appear ance of any true meridional arc. Close inspection of the diagrams shows th a t the meridional arc is more intense in the diagram including the ray than it is in the other. There is therefore some evidence here th a t ray tissue, too, can contribute towards the meridional arc. Nevertheless, a very faint arc remains when ray tissue is excluded, and it remains uncertain whether this residual arc is due to overlapping or not. Further pronouncements will be made later in this paper and again in a later work.
In all the species examined, however, the possibility remains th a t the flattening of the molecular spirals in the walls of tracheids exercises its effect on the meri dional arc, not only through the overlapping one has been led to expect in a spiral diagram, but also indirectly through an association of this flattening with some change in the outer wall of the tracheid (to which Bailey & Berkeley attribute this meridional arc), and th a t this layer does therefore contribute something. In those specimens showing a meridional are, the outer layers might be thicker than, contain more cellulose than or have its cellulose arranged differently from, those in the speci mens in which it is absent. This possibility is examined in the following section. It may be said now th a t not only is this possibility ruled out, but the results obtained from an examination of the possibility contribute evidence of the most convincing kiiid th a t the outer layer in the tracheid wall cannot be wound with chains whose direction is much different from th at of the chains in the central layer.
C. Layer thickness and optical properties in transverse sections
For this investigation seven specimens were chosen. The three Pseudotsuga samples obviously contributed a series which should be studied. The four other consisted of (a) two specimens (
Pinusinsign an gram shows a rather flat spiral in both but a meridional arc only in one, and (6) two specimens ( Pinusresinosa and Picea Abies) in which the spira steep but only otffe shows even a faint meridional arc. If the meridional arc is indeed due to the outer layer, a corresponding variation in the properties of this layer within each of these three groups should be found.
Photomicrographs of four of these specimens in thin transverse section are presented in plates 6 and 7, figures 8, 10, 15 and 17. These were taken under thd polarizing microscope between crossed nicols. The thin outer layer will be im mediately apparent, and mere inspection even of the limited field presented will show th a t the variation in the relative thickness is very small. I t will further be noticed th a t the innermost layer, which is also bright, is very much thinner than the outer layer. In view of the small contribution which this layer could give in comparison with the outer layer, this more extensive outer layer only is studied here. Figures for layer thickness determined on numbers of measurements ranging from 30 to 50 are presented in table 1. In every case, the layer thicknesses are derived from-a measurement of the total wall thickness of two adjacent tracheids, and the thickness of both outer layers measured together. The latter measurement also includes, therefore, the two primary walls and the middle lamella, but the thickness of tlj,ese appears so small th a t no appreciable error is to be anticipated by their inclusion. The latter measurement, divided by two, is taken as representative of' the outer layer, and the inner layer is given by the difference between the two measurements divided by two. Hence the number of tracheids measured in each Sample ranges from 60 to 100. Determination of the thickness of the outer layer is rendered somewhat uncertain by the higher refractive index of this layer compared with the central layer, .with its accompanying Becke line phenomenon. Neverthe less, careful standardization 6f lighting conditions and focusing technique ensures that the figures are comparable within themselves, so th at a strict comparison can be made within the species.
In table 1 it will be immediately evident that, though there is some variation in the thickness of the outer layers from species to species, this is counterbalanced by changes in the central layer so that the ratio between the two thicknesses remains more or less constant (last column, table 1). In particular, Pinus insignis and Larix leptolepis are identical in this respect, and so are Pinus resinosa and Picea Abies. I t is clear that, if the meridional arc is derived from the outer layer, its intensity relative to the equatorial arcs depends, in so far as it is related to wall thickness, on the ratio between the layers and not on the values for the layers individually. Here, therefore, is the clearest evidence th at the appearance of the meridional arc is not associated with thickness in the visible outer layer of the wall. Similarly, with Pseudotsuga there is no clear relationship between the ratio of layer thicknesses and the appearance of the arc in question. Comparing the third and fourth annual ring, for example, the meridional arc is plainly visible in the former where the outer layer is relatively much thinner. Passing to the eleventh ring, a change in the ratio from 3-86 to 4-62 can hardly be sufficient to account for the complete disappearance of the meridional arc.
It remains, therefore, to determine if some feature other than thickness in the outer layer determines the appearance of the arc. Factors such as change in cellulose content, angular dispersion of the cellulose chains within single cells, variations in the distribution of the spiral angle from cell to cell, etc., might perhaps be decisive. The latter property, in particular, could be determined easily by ob serving the run of striations in longitudinal sections, but in view of the lack of precision in their interpretation this would seem hardly profitable. Actually, a measurement may be obtained which in a way integrates all these factors by determining the double refraction of the outer layers in transverse section. This feature of the wall will be affected by cellulose content, chain direction, angular dispersion, etc., and while variation in double refraction could" not easily be associated with changes in any one of these properties, a constant double refraction would indicate that they do not vary widely. The determinations were carried out in light of Wave-length 0-59/i,* the phase difference < j) was determined by the de Senarmont compensator with the usual precautions for accuracy and the results converted to double refraction by measuring the thickness d of the section whence double refraction (n -na) = ^(0-59)/360d. The determinations were m sections in Canada balsam (and were therefore dehydrated, comparing more closely to the dry specimens used on the X-ray spectrometer than would wet sections), and d was measured by dissolving off the balsam and teasing with fine glass needles until a sufficient number of cells had been turned over on their sides to give a reliable measurement. The results were invariably checked on a second, and some times a third, section of different thickness. They are presented in table 2. The The fine structure of the wall of the conifer tracheiddouble refraction is always low-much lower than could reasonably be expected from chains approaching the transverse position-and fairly uniform. Comparing, again, the results within the two pairs resinosa and Larix-Pinus insignia and the Pseudotsuga group it is seen th a t in the first pair Picea has the lower birefringence and the meridional arc is absent; in the second pair the difference between the figures is hardly significant from the present standpoint; while again in the Pseudotsuga group the specimen with the lowest birefringence has the meridional arc completely missing. There is, therefore, a t first glance, some sigh of a correlation of one of the factors affecting double refraction in the outer layer with the absence of the meridional arc. One can, however, now proceed to calculate from these figures the inclination of the cellulose chains to the transverse plane in the outer layer. First, of course, one must know the cellulose content of the layer and the dispersion of the cellulose chains about their mean direction. In conifer wood generally the cellulose content is of the order of 60 % (Allsopp & Misra 1940; Preston & Allsopp 19395 RiRer & Fleck 1926), both for early and for late wood, and since the central layer is well developed only in the latter, this figure would appear reasonable for the outer layers alone. Even assuming th a t the micelles in the outer layer lie transversely, this would imply th a t something like 77 % a t least of the thickness in transverse section is cellulose. There is no evidence a t the moment concerning the dispersion beyond a general indication th a t it is not negligible (Preston 1942) ; but allowance can be made for what would seem to be an inconceivably high value by taking the double refraction of the cellulose as 0-03 instead of the 0*06 which apparently applies to parallel chains (Frey 1926; K anam aru 1934) . I t is then a comparatively simple m atter to calculate the inclination. The process will be clear from figure 7. Since the index ellipsoid of the cellulose substance is an ellipsoid of rotation, the following relations obtain:
Hence knowing n'y -n'a, and taking na = 1*53, 6 can be calculated. Since meticulous accuracy here is unnecessary, and in order to avoid laborious calculation, a nomogram
The fine structure of the wall of the conifer tracheid was used to derive the figures presented in table 3. For each determination of double refraction four values are given for the inclination, corresponding to an intrinsic double refraction of 0-06 and 0-03, assuming in either case th a t the cellulose content is either 100 or 77 %. I t seems very reasonable to suppose th a t the true inclination must lie somewhere within the range thus presented and probably lies rather near the figure for 77 % cellulose with a double refraction 0*06. For comparison the inclinations of the chains in the central layer, determined from the X-ray diagrams, are given in the last column of the table. This brings out two striking facts. First, th a t even making the most favourable assumptions, the cellulose chains in the outer layer are never anything like transverse; and secondly, th a t the inclination thus calculated agrees closely with th a t determined from the X-ray diagram for the central layer. This supports, therefore, the earlier conclusion (Preston 1939 c) on the same point. In other words, the inclination in the outer layer can neyer be far removed from th at in the central layer.. The conclusion is therefore inescap able th a t the outer and inner layers are indistinguishable from this point of view.
T a b l e 3 . T i l t t o t h e t r a n s v e r s e p l a n e o f c e l l u l o s e c h a i n s i n t h There is need, therefore, for little further discussion on the main point at issue. I t is now clearer than ever th at the optical heterogeneity in the secondary wall of the conifer tracheid is to be sought in some property other than cellulose chain direction. The wall is completely homogeneous in this respect as far as the evidence goes at present; and in particular the presence of a meridional arc in the X-ray diagram of conifer wood is completely spurious. I t is obviously imperative that not only must the crystallographic botanist make a careful scrutiny of his material before attem pting to interpret his results, but the biologist attempting to use crystallographic methods cannot ignore the basic principles underlying his diagrams without serious danger of gross misrepresentation.
In seeking the cause of the undoubted optical heterogeneity, it must be remem bered th a t this apparently goes hand in hand here with a swelling heterogeneity in the sense th a t the inner layer swells more readily than the bright outer layer. The writer is not aware of any figures which have been published on this point, and therefore offers the figures in table 4 as an illustration. Preliminary evidence has also been obtained in the w riter's laboratory th at the central layer in the tracheid is capable of absorbing much greater quantities of dyes, such as methylene blue, than is the outer layer. These facts recall the interpretation put upon hetero geneity in the collenchyma wall (Majumdar & Preston 1941 ) as due to changes in angular dispersion. As already mentioned in this paper, the writer presented evidence some time ago (Preston 1939 c) th at the angular dispersion of the central layer is greater than th at of the outer layer, and gave a tentative model of the type of change involved in passing from one layer to the other. I t would be premature at this time to enlarge on th is; but remembering th at the disturbance in crystal linity most likely to occur is, without doubt, change in angular dispersion, the following considerations may not be out of place. In the elongated cells of the collenchyma in Heracleum sphondyllium, which continue to elongate during the deposition of the so-called secondary wall, the outer layer is dark in transverse section and the inner layer bright. The dark outer layer must have been extended considerably, while part at least of the bright layer has had little or no elongation. Together with this goes a slight, but appreciable, discrepancy between the disper sion of the chains in the wall as determined optically from individual cells and in the X-ray spectrometer from bundles, and this has been shown to infer consider able angular dispersion of the cellulose chains somewhere in the wall. In the X-ray diagram, the cellulose chains are shown to run in very steep spirals, and there is not the slightest evidence of any meridional arcs of the type studied in this paper; transverse chains are to all intents and purposes absent. The only possible con clusion appears to be th at the chains in the inner layer, laid down after extension has ceased, are more dispersed than those in the outer layer in which the con siderable elongation would naturally have reduced any original dispersion which might have occurred. This dispersion would then occur chiefly about a line normal to the wall surface, and the brightness of the inner layer is explained. I t is certain th at few natural cellulosic structures are so perfectly crystalline that no angular dispersion occurs; and since cellulose is invariably laid down in thin cylindrical sheets surrounding a protoplast, the sheets themselves often showing fine lamellation, the probability is th a t the dispersion commonly does occur to a greater extent about a line perpendicular to the wall surface than about a line parallel to it. This is the condition assumed to occur in the outer layer in the tracheid wall. Following optical evidence one may then, in the central layer, add to this a considerable dispersion about the line parallel to the wall surface also. This would then make the outer layer bright and the inner layer darker, between crossed nicols, even in tracheids whose micelles are arranged on the average longitudinally, the contrary opinion of Bailey & Berkeley notwithstanding.
W hatever the explanation of optical heterogeneity turns out to be, it is now certain th a t the bulk at least of the secondary wall is uniform in cellulose-chain direction. This conception, together with the peculiar relation existing between the inclination of this set of chains and the length of the tracheid, led the writer more than ten years ago (1934) to suggest, as a tentative hypothesis, th a t the walls of the cambial initials from which the tracheids are derived are wound with a somewhat similar molecular spiral. This primary wall would then remain sur rounding the secondary layer later deposited upon it, and would add to this secondary layer merely a thinner replica of itself as far as cellulose-chain direction is concerned. Recently, in examining wood for a totally different purpose, the writer has observed a number of very tenuous lamellae standing out from injured tracheids, and these appear to be the prim ary wall which enveloped the original cambial initial. In these lamellae the cellulose chains run almost transversely. The secondary wall is therefore not a copy of the structure of the primary wall, and the conditions under which the chains of the secondary wall are deposited and oriented demand careful rescrutiny. I t is not unsatisfactory th a t the primary wall here seems to differ from the secondary in this respect, for this brings the tracheid into line with other cell types where the same condition is known to occur. The way is therefore open for a general discussion of the relation between secondary and primary walls; these newer results and their interpretation will, however, be pursued further in the second paper of this series.
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